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Introduction
Ionic liquids (ILs) are composed entirely of ions and are usually liquid at temperatures less than 100 °C. [1] [2] [3] Due to their low melting point, 4 ,5 low volatility, 6 thermal stability, 7 intrinsic conductivity 8 and wide electrochemical windows, 9 ILs exhibit advantages over conventional molecular liquids in various applications, including electrochemistry, [10] [11] [12] and lubrication, [13] [14] [15] [16] [17] [18] [19] [20] amongst many others. Interest in ILs for electrochemical studies is primarily a consequence of their nonvolatility and wide electrochemical windows; ILs can sustain higher voltages in electrochemical cells than conventional molecular solvents, 21 making electrochemical processes that occur at relatively high potentials possible. 22 ILs are more structured in the bulk and at surfaces than molecular liquids, 23 because they are subject to a range of strong cohesive interactions including Coulombic, van der Waals, hydrogen bonding and solvophobic forces. 24, 25 Three regions can be identified close to ILsolid, IL-liquid or IL-gas interfaces. 25 The interfacial (innermost) layer is composed of ions in direct contact with the other phase. The bulk phase refers to the bulk liquid, which often has a layered, sponge-like morphology of interpenetrating polar and apolar regions. 25, 26 The transition zone is the region over which the strong interfacial layer structure decays to the bulk morphology, and is usually a few nm wide.
IL-electrode interfacial structure has traditionally been studied using electrochemical impedance spectroscopy (EIS). The effect of alkyl chain length on the electrical double layer was investigated using 1-alkyl-3-methylimidazolium chloride and 1-alkyl-3-methylimidazolium tetrafluoroborate on different electrodes. 27, 28 Thinner double layers were found when the cation alkyl chain was shorter, but the level of interfacial structure and the orientation of the ions in the double layer could not be determined. cation alkyl chain length and anion species) on the nanostructure of IL-electrode interfaces.
We seek to probe these issues in this manuscript.
IL structure in the interfacial layer and transition zone has been investigated at various solid surfaces by atomic force microscopy (AFM). [45] [46] [47] The interfacial layer has the most ordered structure, and is enriched in cations for anionic surfaces and anions for cationic surfaces. 25 Strong structure in the interfacial layer templates ion arrangements in the transition zone, which can extend several ion pair diameters from the interface before the bulk morphology is ILs elucidates routes to control interfacial IL structure normal to the interface as a function of potential, which will allow electrochemical systems to be optimised.
Experimental
All ILs used in this study were purchased from Merck in high purity grade (purity > 99%, water content < 100 ppm). The chemical structure, density, molecular volume, ion pair diameter and melting points are shown in Table 1 . Atomically smooth Au(111) surfaces (a gold film of ~150 nm thickness on mica) were purchased from Agilent technologies.
Colloid probe force measurements were acquired using a Digital Instruments NanoScope IV Multimode AFM with an EV scanner in contact mode. A silica probe (5 μm diameter, Bangs Laboratories Inc.) was attached to a tipless rectangular cantilever (model CSC12, Mikromasch, Tallinn, Estonia) using Araldite epoxy. The spring constant (0.5±0.05 N/m) was determined using the thermal vibration method following the procedure of Sader. 57 The tip was cleaned immediately prior to use by careful rinsing in Milli-Q water, drying under nitrogen and irradiation with ultraviolet light for 40 min.
The procedures used to setup the AFM electrochemical cell are exactly as described in Ref. 25 . Atomically smooth Au(111) surface were used as both the working electrode and the solid substrate for force measurements. A thin cylindrical strip of Cu metal and 0.25 mm Pt wire were used as the counter and "quasi" reference electrodes, respectively. The electrochemical windows of the ILs were obtained from cyclic voltammetry measured in the AFM electrochemical cell. The values are listed in Table 1 .
For all systems and surface potentials, force measurements were performed by moving the surface towards the colloid probe and recording the cantilever deflection as a function of separation. The force curves were collected over 30 nm at a scan rate of 0.1 Hz. Deflection vs separation data were converted to force vs apparent separation curves using standard methods. 58 By convention, the region of constant compliance is used to define the zero separation in an AFM experiment. However, it is possible that strongly adsorbed species remain between the probe and the surface even at high force. To account for this, the distance between the probe and the surface is referred to as the "apparent separation".
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Repeat experiments revealed that the features of the force curves were constant. Every system and surface potential was studied over three or more separate experiments. The diameter of ion pairs were estimated by assuming a cubic packing geometry. 60 Carbon atoms are shaded grey, nitrogen are blue, hydrogen are white, fluorine are yellow, phosphorous are pink and iodide are red. (Figure 1-4) . The major features for the four ILs examined are similar at all potentials. The force profiles consist of a series of steps at discrete separations; each step corresponds to an interfacial IL layer. The force required to rupture a layer corresponds to the maximum height of each step, and is referred to as the "rupture force" or "push-through force". Because the roughness of the silica colloid probe 61 is substantially greater than that of the gold surface, 62 the measured forces are primarily a consequence of the Au (111) electrode. 45 The nanostructure of many ILs is transformed from sponge-like 25, 45 in the bulk to a flatter, more ordered, layered morphology by the presence of a smooth solid surface, analogous to surface induced sponge to lamellar phase transitions in aqueous surfactant systems. 63 For all systems and all potentials, push-through forces increase closer to the surface, indicating In Figure 1 Table 1 ). The magnitude of the push-through force increases with decreasing apparent separation, confirming that the layered structure becomes more pronounced with increasing confinement. This is consistent with previous experiment 23, 25, 45, 64, 65 and theoretical predictions. 66 When a potential (either positive or negative) is applied to the Au(111) surface, the force-distance behaviour is generally similar, except that the width of the final step decreases, and the push-through forces increase. spacing between the steps in the force profiles is also more scattered, and the magnitude of the push-through forces is reduced. All of these differences are consistent with weaker interfacial structure. This could be a consequence of changing the anion from the large, charge-delocalized FAP -to the small, charge-localized I -. Alternatively, weaker structure could be due to the lower melting point of [BMIM] I compared to the FAP -ILs (c.f. Table 1 ).
Results and Discussion
As the ions in [BMIM] I are more thermally activated at room temperature, this will disrupt solvophobic attractions between cation alkyl groups, and thus decrease the level of interfacial order. 46 The In a recent article the surface forces apparatus (SFA) was used to measure the force profiles for 31, 32 and simulations 21 have concluded that ILs become more ordered at a solid surface, and that this order increases with potential. 50, 64, 74 We have suggested that the bulk sponge structure present in many ILs is transformed to a more layered structure by the surface, 23 analogous to surface induced sponge to lamellar phase transitions observed for aqueous surfactant sponge phases. 63 These aqueous surfactant sponge phases also offer an explanation for the attractive forces measured for [C 4 mim] NTf 2 that does not require treating the IL as a weak electrolyte.
Confinement induced sponge to lamellar transitions have been reported for sodium bis(2-ethylhexyl)sulfosuccinate/brine solutions confined between mica sheets using the SFA. 75 When the mica sheets were brought together from wide separation, a linear attractive force was measured from about 200 nm due to capillary condensation of the lamellar phase between the surfaces. This attractive force was used to extract the surface tension between the lamellar and sponge phases, which was similar to the surface tension between the lamellar phase and microemulsion interfaces, or lamellar and micelle interfaces. We contend that a similar effect is in operation for [C 4 mim] NTf 2 . The physical dimensions of the IL sponge structure, 44 is about an order of magnitude lower than that of the aqueous surfactant sponge 76, 77 and the range of the attractive force in the IL is also about 10 times less, which is structurally consistent. Experiments are currently underway to test this hypothesis using AFM and SFA.
Conclusions
The These results show that the structure and composition of the interfacial layer can be tuned by the surface potential and the IL ion structure (i.e. the alkyl chain length and the anion species).
These findings reveal new possibilities for IL structure design at electrode interfaces, which will impact a diverse range of applications, including electrodeposition, batteries and capacitors, and dye solar cells, amongst others.
